Introduction {#sec1}
============

When a steady and uniform electric field (abbreviated a direct current (dc) field) of weak strength[a](#fn1){ref-type="fn"} is applied to a liquid droplet with no net charge that is suspended in another immiscible dielectric liquid, the droplet deforms to two different shapes, depending on the electrical properties of the liquids.^[@ref1]^ The droplet deforms to a prolate ellipsoid with the symmetric axis parallel to the applied electric field when the charge relaxation time of the surrounding liquid is longer than that of the droplet liquid, whereas the droplet deforms to an oblate ellipsoid when the charge relaxation time of the surrounding liquid is shorter than that of the droplet liquid.^[@ref2]^ Note that prolate and oblate, descriptions that are used in most of the preceding literature on the deformation of droplets in an electric field (dc field and alternating current (ac) field noted later) and in this study, are defined with respect to the direction of the electric field, not to the gravitational direction nor to the translational directions of the droplet.

When a uniform or nonuniform electric field, that periodically changes its direction and strength, is applied to a liquid droplet with no net charge that is suspended in another dielectric liquid and when the maximum magnitude of the electric field strength is weak, the droplet undergoes periodic deformation in which the droplet deforms to a prolate (oblate) ellipsoid (electric field becomes of a certain strength) from a spheroid (electric field strength approximately zero) and then to a spheroid from a prolate (oblate) ellipsoid. There have been many studies on the behavior of water droplets that deform to prolate ellipsoids in a dc field, in a weak sinusoidal electric field with alternating direction that is spatially uniform (e.g., refs ([@ref3]−[@ref7]); the field is abbreviated an ac field hereafter). In those studies, variations of the deformation of a droplet with time are discussed in detail. In contrast, there have been few previous reports regarding the deformation of a droplet that deforms to an oblate ellipsoid under a weak dc field under an applied weak ac field.^[@ref7],[@ref8]^ Vizika and Saville^[@ref8]^ studied the deformation of a silicone oil droplet in castor oil under weak ac fields with frequencies in the range from 20 to 400 Hz; however, they did not discuss the variation of deformation with time. A silicone oil droplet in castor oil deforms to an oblate ellipsoid when a weak dc field is applied and hence the droplet undergoes a periodic deformation between an oblate ellipsoid and a spheroid under a weak ac field when the transient deformation of the droplet can mechanically follow the variation of the ac field strength with time, i.e., when the frequency of an ac field is generally low. In addition, it is considered that when the frequency of the applied ac field is high, the transient shape of the droplet converges to a quasi-steady oblate ellipsoid with a certain aspect ratio because the variation of deformation with time cannot mechanically follow the variation of the ac field strength with time. In most of the results obtained by Vizika and Saville,^[@ref8]^ the converged deformation of a silicone oil droplet showed an oblate ellipsoid under weak ac fields ranging from 20 to 400 Hz.

A liquid droplet that undergoes a steady oblate deformation under a weak dc field over time undergoes behavior referred to as electrorotation or Quincke rotation (hereafter termed electrorotation) under a moderate dc field. In typical electrorotation, the major axis of an ellipsoidal deformed droplet orients between the direction of the electric field and the direction normal to the electric field and the liquid in the deformed droplet circulates in a particular direction.^[@ref2],[@ref9],[@ref10]^ Furthermore, depending on the experimental conditions, under such a moderate dc field, a deformed droplet rigidly rotates with its major axis in a plane that involves the major axis of the deformed droplet and is parallel to the dc field direction^[@ref11]^ or the droplet exhibits periodic deformation.^[@ref10],[@ref12]^ There have been many studies on steady-state electrorotation under a moderate dc field;^[@ref2],[@ref9]−[@ref15]^ however, there is little information on how electrorotation develops under a moderate ac field.^[@ref11]^ Krause and Chandratreya^[@ref11]^ studied electrorotation under a moderate ac field; however, in the study, the droplet underwent rotational motion similar to that observed under a moderate dc field, and they measured only the angular velocity of the rotation. Except for the study by Krause and Chandratreya,^[@ref11]^ there is little information on electrorotation under a moderate ac field.

The use of a spatially uniform or nonuniform sinusoidal electric field with alternating direction for systems in which droplets are present in bulk oil has many practical applications.^[@ref16]−[@ref21]^ One of the promising applications is considered to be a droplet-based microfluidic device,^[@ref19]−[@ref21]^ in which microsize droplets pass through a channel where the hydraulic diameter is of micrometer order. If the hydraulic diameter of the channel in a droplet-based microfluidic device is larger than the diameter of droplets passing through the channel, then it is expected that liquids inside/outside the droplets are mixed well by periodic deformation of the droplets induced under an applied ac field, i.e., deformation between a prolate (oblate) ellipsoid and a spheroid. Although there have been some studies on the behavior of water droplets passing through a channel subjected to an ac field (e.g., ref ([@ref21])), we have little information on the behavior of oil droplets in a channel subjected to an ac field. In this study, the behavior of a silicone oil droplet (ca. 0.3 mm diameter) in a circular channel (Pyrex glass tube with an inner diameter of 1.0 mm) is studied under a periodic intermittent alternating electric field and under a sinusoidal alternating electric field; almost all droplets migrate along the axis of the channel (in some conditions, accompanying lateral shuttle migrating motion) with surrounding liquid (castor oil) that also flows in the channel. The channel passes through a space confined by a pair of parallel-plate electrodes with the distance set at 2.1 mm and hence the direction of the applied electric field is normal to the axis of the channel. Details of the experimental setup employed in this work are given in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsomega.7b01715/suppl_file/ao7b01715_si_001.pdf).

Results and Discussion {#sec2}
======================

Behavior of a Silicone Oil Droplet in a Moderate Periodically Intermittent Alternating Electric Field {#sec2.1}
-----------------------------------------------------------------------------------------------------

The waveform of the applied intermittent alternating electric field is shown at the top of [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}. One cycle consists of *E*~a~, no electric field, −*E*~a~, and no electric field, each for *t*~c~/4, where *t*~c~ is the period. In this study, the instantaneous nominal electric field strength at instance *t* = *t*, *E*(*t*), is given bywhere ε~c~ is the relative permittivity of the surrounding liquid, ε~t~ is the relative permittivity of the main tube material (ε~t~ = 4.5 at 8.6 kHz for Pyrex glass^[@ref22]^), ϕ(*t*) is the electric potential difference between the electrodes at time *t*, *l* is the distance between electrodes, and *l*~t~ is the main tube wall thickness (0.3 mm). Note that *E*(*t*) in [eq [1](#eq1){ref-type="disp-formula"}](#eq1){ref-type="disp-formula"} is not the electric field in the Pyrex glass tube (hereafter called the main tube) but is the nominal electric field in a medium sandwiched between a pair of parallel-plate electrodes having an infinite surface area. The medium consists of two different platelike media, which are piled up in the direction normal to the electrode surfaces, one with thickness 2*l*~t~ and permittivity ε~t~ and the other with thickness *l* -- 2*l*~*t*~ and permittivity ε~c~. *E*(*t*) corresponds to the field in the latter of these two media. *E*~a~ is evaluated in the same manner.

![Trajectory and transient images of a silicone oil droplet in castor oil under a periodically intermittent alternating electric field at *E*~a~ = 1.4 MV/m, *t*~c~ = 4 s, and *D*~0~ = 0.33 mm. *D*~0~ is the volume equivalent spherical diameter of a droplet. *E*~a~ is the magnitude of the electric field strength, and *t*~c~ is the period of the electric field. The waveform of the electric field is shown in the upper panel. θ is the angle of the major axis of a droplet. Time *t* shown in each image corresponds to the abscissa in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}i. The arrows shown in images d and k indicate the directions of the rotational motion of a droplet. Open circles a--n on the trajectory line drawn in the center of the figure correspond to images a--n in the figure and open circles a--n in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}i. Images have been changed to grayscale and enhanced by a computer program. The peripheries around the images of droplets have been trimmed away.](ao-2017-01715a_0010){#fig1}

[Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"} shows the trajectory and corresponding images of a silicone oil droplet subjected to an electric field of *E*~a~ = 1.4 MV/m with *t*~c~ = 4 s. [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"} shows the time evolution of the droplet aspect ratio *a*/*b* and orientation θ, where *a* and *b* are the lengths of the major and minor axes of the droplet, respectively, and θ is the angle between the major axis and the longitudinal axis of the tube. Here, counterclockwise rotation is considered to be positive ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}). The prolate and oblate ellipsoids are defined with respect to the electric field direction, i.e., *a*/*b* \> 1 at θ = ±90° describes a prolate ellipsoid, whereas *a*/*b* \> 1 at θ = 0° describes an oblate ellipsoid.[b](#fn2){ref-type="fn"} The open circles labeled a--n along the trajectory presented in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"} correspond to the open circles a--n in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}i, which shows θ and *a*/*b* versus time for *E*~a~ = 1.4 MV/m and *t*~c~ = 4 s. Under no electric field, *a*/*b* = 1.02 ± 0.02 and θ = −7.3 ± 4.8° for a droplet with an equivalent spherical diameter *D*~0~ of 0.33 ± 0.02 mm (mean value for 28 different drops ± 2 standard deviations). Although it is possible that the inner wall of the main tube (Pyrex glass tube with an inner diameter of 1.0 mm) and hydrodynamic shear stress exerted on a droplet due to the flow of the surrounding liquid can affect the behavior of a droplet, such as that shown in [Figures [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"} and [2](#fig2){ref-type="fig"}, it is considered that the effects are negligibly small in this study (see the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsomega.7b01715/suppl_file/ao7b01715_si_001.pdf)).

![Transient behavior of a droplet under a periodically intermittent alternating electric field at *E*~a~ = 1.4 MV/m for *t*~c~ = (i) 4, (ii) 2.86, (iii) 2, (iv) 1.33, (v) 1, and (vi) 0.4 s. *a* is the length of the major axis of the deformed droplet, and *b* is the length of the minor axis of the deformed droplet. Open circles a--n in (i) correspond to images a--n in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}. Label F in (ii)--(vi) indicates the first deformation of a droplet, whereas label S in (ii)--(iv) indicates the second deformation. Period T in (i) has the same length as that shown in (iii). The time origin, i.e., *t* = 0 s, was arbitrarily chosen as 10 s or more after application of the electric field.](ao-2017-01715a_0001){#fig2}

[Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}i shows that although θ exhibits a clear maximum and minimum at points b and i, respectively, no corresponding peaks for *a*/*b* are observed, whereas the initially ellipsoidal droplet with an aspect ratio *a*/*b* of 1.02 ± 0.01 and \|θ\| of 6.9 ± 8.0° (computed from six different droplets) instantly deforms into an ellipsoidal droplet with *a*/*b* = 1.03 ± 0.01 and \|θ\| = 59.1 ± 5.0° (from a to b and again from h to i). Note that although *a*/*b* at a (or h) is almost the same as that at b (or i), \|θ\| at a (or h) largely differs from that at b (or i). Although it is possible to consider that ellipsoidal droplets change their orientation from a to b and from h to i, the droplets are considered to be instantaneously elongated in a certain direction because 0.04 s (from a to b) or 0.06 s (from h to i) is required for respective changes in \|θ\| of 37.4 and 56.8° (see [Figures [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"} and [2](#fig2){ref-type="fig"}i and Supporting Information [Movie S1](http://pubs.acs.org/doi/suppl/10.1021/acsomega.7b01715/suppl_file/ao7b01715_si_002.avi)). It is noted later whether the behavior from a to b and from h to i is deformation, i.e., elongation of a droplet, or rotational motion of a droplet. Aspect ratio *a*/*b* gradually increases from b to c and from i to j with a corresponding decrease in \|θ\|. *a*/*b* and \|θ\| then increase from c to e and from j to k. At e and k, *a*/*b* and \|θ\| are 1.19 ± 0.02 and 69.8 ± 6.8°, respectively, and *a*/*b* gradually decreases from e to f and from k to l with constant θ. It is possible that these decreases in *a*/*b* are due to periodic oscillatory motion, which was previously observed for a silicon oil droplet (*D*~0~ = 4.5 mm) in castor oil.^[@ref10]^ In that study, *a*/*D*~0~ changed from approximately unity to 1.8 in a period of 0.82 s when a moderate dc electric field was applied.

[Figures [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"} and [2](#fig2){ref-type="fig"}i show that the deformed droplet rapidly returns to its original spherical shape from f to g and from l to n. On the basis of the plateaus of the θ versus *t* and *a*/*b* versus *t* curves (regions where θ and *a*/*b* are constant at ca. 0° and unity, respectively), the first peak in \|θ\| is considered to be the first deformation after the electric field is applied, and the apparent peak in *a*/*b* (points e and k), at which time \|θ\| peaks again, is considered to be the second deformation.

To precisely examine the droplet behavior, silicone-rubber particles coated with silicone resin (KMP-600; Shin-Etu Chemical Co. Ltd., Tokyo, Japan, mean particle diameter = 5 μm) were added to the silicone oil at 0.1 mass%. Note that the added particles are not dispersed within the droplets but instead settle at the droplet/castor oil interface. Although particles at a droplet/surrounding oil interface may affect electric-field-induced droplet deformation,^[@ref23]^ this did not appear to be the case in this study. Some of the particles began to move along the droplet/castor oil interface after the first rapid deformation (see Supporting Information [Movie S2](http://pubs.acs.org/doi/suppl/10.1021/acsomega.7b01715/suppl_file/ao7b01715_si_003.avi)). The major axis of the droplet is oriented between the electric field direction and the direction normal to the electric field, and the liquid in the droplet rotates in a particular direction; therefore, the droplet shows electrorotation at the second deformation. This electrorotation also alternated direction with the sign of the electric field, as shown in images d and k of [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}, and this began after the first deformation.

[Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}ii shows similar behavior of θ and *a*/*b* versus time for *t*~c~ = 2.86 s, except that the maximum value of *a*/*b* at the first deformation (labeled F) (*a*/*b*)~first,max~, which denotes the maximum value of *a*/*b* at the first deformation, is larger than that in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}i and *a*/*b* decreases rapidly after the second deformation (labeled S). [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"} shows (*a*/*b*)~first,max~ and (*a*/*b*)~second,max~ versus *t*~c~, and \|θ\| corresponding to (*a*/*b*)~first,max~, \|θ\|~first,max~, and \|θ\| corresponding to (*a*/*b*)~second,max~, \|θ\|~second,max~, versus *t*~c~ at *E*~a~ = 1.4 MV/m. (*a*/*b*)~second,max~ denotes the maximum value of *a*/*b* at the second deformation. Note that when the apparent (*a*/*b*)~first,max~ cannot be observed, *a*/*b* corresponding to the first peak of \|θ\| is shown as (*a*/*b*)~first,max~. [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"} shows the mean values and two standard deviations computed from 3 to 6 different droplets. (*a*/*b*)~first,max~ increases with a decrease in *t*~c~ at *t*~c~ ≥ 2 s, whereas \|θ\|~first,max~ remains almost constant at *t*~c~ ≥ 2.86 s. At *t*~c~ ≥ 2.86 s, (*a*/*b*)~second,max~ and \|θ\|~second,max~ reach certain constant magnitudes; therefore, the second deformation is considered to be fully developed at *t*~c~ ≥ 2.86 s.

![(*a*/*b*)~first,max~, (*a*/*b*)~second,max,~ \|θ\|~first,max~, and \|θ\|~second,max~ as a function of *t*~c~ under a periodically intermittent alternating electric field *E*~a~ = 1.4 MV/m. (*a*/*b*)~first,max~ and (*a*/*b*)~second,max~ show the maximum magnitude of *a*/*b* at first deformation and at second deformation, respectively. \|θ\|~first,max~ and \|θ\|~second,max~ represent \|θ\| that corresponds to (*a*/*b*)~first,max~ and (*a*/*b*)~second,max~, respectively. When (*a*/*b*)~first,max~ does not have a clear peak, *a*/*b* corresponding to the first peak of \|θ\| is plotted as (*a*/*b*)~first,max~. The open circles denote (*a*/*b*)~first,max~ and \|θ\|~first,max~, whereas the closed circles denote (*a*/*b*)~second,max~ and \|θ\|~second,max~. The open squares denote (*a*/*b*)~first,max~ and \|θ\|~first,max~ for a droplet without a second deformation. Error bars for each data point indicate two standard deviations. If the range of the error bar is smaller than the size of the plots, then the error bar is not shown. The solid lines indicate *a*/*b* under no electric field, and the shaded bands show the range of two standard deviations.](ao-2017-01715a_0009){#fig3}

[Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}iii,iv, which shows θ and *a*/*b* versus time for *t*~c~ = 2 and 1.33 s, respectively, has two clear peaks for *a*/*b* within a span of *t*~c~/4. The plateaus for θ and *a*/*b* are observed before and after the two successive peaks in *a*/*b*; therefore, the first *a*/*b* peak (labeled F), where \|θ\| is ca. 90°, is considered to be the first deformation after the electric field is applied. The second *a*/*b* peak (labeled S), where θ is ca. 0°, is considered to be the second deformation. [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"} shows that (*a*/*b*)~first,max~ for *t*~c~ = 2 s is almost the same as that for *t*~c~ = 1.33 s, whereas (*a*/*b*)~second,max~ is larger for *t*~c~ = 2 s than for *t*~c~ = 1.33 s. In addition, [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}iii,iv shows that the droplet returns to almost a spherical shape between the first and second deformations, i.e., the droplet undergoes prolate deformation after the electric field is applied, and then oblate deformation after returning to a spherical shape. In contrast, for *t*~c~ ≥ 2.86 s (see [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}i,ii), the droplet undergoes consecutive ellipsoidal deformations without returning to the spherical shape in between deformations. The first and second deformations will be discussed in further detail later. [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}v,vi shows θ and *a*/*b* versus time for *t*~c~ = 1 and 0.4 s, respectively, where only a single peak of *a*/*b* is observed when *t*~c~ ≤ 1 s. \|θ\| becomes ca. 90° at the peak of *a*/*b*, so that the deformations shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}v,vi are considered to be due to the same type of force as that which causes the first deformation observed in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}iii,iv. At *t*~c~ ≤ 1.33 s, (*a*/*b*)~first,max~ and \|θ\|~first,max~ decrease with *t*~c~, as shown in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}.

[Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"} shows the droplet behavior for *E*~a~ = (i) 1.1, (ii) 0.92, and (iii) 0.70 MV/m with *t*~c~ = 2.86 s. Two peaks of *a*/*b* and corresponding peaks of \|θ\| were observed for *E*~a~ = 1.1 MV/m, whereas two peaks of *a*/*b* and a single peak of \|θ\| were observed for *E*~a~ = 0.7 and 0.92 MV/m. From observations with *t*~c~ = 10 s (data not shown), the droplet at *E*~a~ ≤ 0.70 MV/m did not exhibit electrorotation and underwent only oblate deformation. The plateaus of θ and *a*/*b* were observed before and after the two successive *a*/*b* peaks; therefore, the first *a*/*b* peak (labeled F) is considered to be the first deformation after the electric field is applied and the *a*/*b* peak following the first deformation is considered to be the second deformation (labeled S). [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"} shows that (*a*/*b*)~first,max~ and (*a*/*b*)~second,max~ decrease with *E*~a~. At small *E*~a~, the second deformation is clear, even though the first deformation is not. Therefore, the first deformation is considered to be more strongly affected by the electric field strength than the second deformation.

![Transient behavior of a droplet under a periodically intermittent alternating electric field at *t*~c~ = 2.86 s and *E*~a~ = (i) 1.1, (ii) 0.92, and (iii) 0.70 MV/m. Label F indicates the first deformation of a droplet, whereas label S indicates the second deformation. The time origin was arbitrarily chosen as 10 s or more after application of the electric field.](ao-2017-01715a_0002){#fig4}

Lanauze et al.^[@ref24]^ experimentally and theoretically studied the transient deformation behavior of a silicone oil droplet in castor oil under conditions for which the droplet is oblate during the time course. They reported that the droplet initially undergoes a spherical-to-prolate deformation after sudden application of a weak dc electric field and that the prolate droplet subsequently undergoes oblate deformation after first returning to the spherical shape. They theoretically showed that the prolate deformation is due to the long charge relaxation time of the droplet/surrounding liquid system, whereas the oblate deformation is caused by electrohydrodynamic flow induced after convecting charges reach the droplet/castor oil interface. The second deformation noted in this study is accompanied by rotational motion along the droplet/castor oil interface and is induced after the first deformation; therefore, the first and second deformations observed in this study are considered to be caused by the same mechanisms as those described by Lanauze et al.,^[@ref24]^ i.e., the droplet behavior from a to b and from h to i shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}i is considered to be deformation of a droplet and is not the rotational motion of a droplet.

Here, we discuss the first and the second deformations observed in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}i--vi. The only intended difference in the experimental conditions between the data sets shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}i--vi was *t*~c~. Consistent behavior is observed in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}iii--vi, i.e., the first deformation is considered to require a certain period to develop (this period is denoted *t*~f~), and when *t*~c~/4 ≥ *t*~f~ (see [Figures [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}iii,iv and [3](#fig3){ref-type="fig"}), the first deformation is fully developed, and (*a*/*b*)~first,max~ and \|θ\| reach a certain magnitude and ca. 90°, respectively. In contrast, when *t*~c~/4 \< *t*~f~ (as in [Figures [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}v,vi and [3](#fig3){ref-type="fig"}), the first deformation does not have time to develop fully and (*a*/*b*)~first,max~ decreases with *t*~c~. Thus, the second peak is not observed when *t*~c~/4 ≤ *t*~f~, whereas when *t*~c~/4 \> *t*~f~, (*a*/*b*)~second,max~ increases with *t*~c~/4 -- *t*~f~, which may be proportional to the degree of development of the second deformation. As shown in [Figures [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}iii--vi and [3](#fig3){ref-type="fig"}, *t*~f~ may exist between 0.25 s (*t*~c~ = 1 s) and ca. 0.33 s (*t*~c~ = 1.33 s) when *E*~a~ = 1.4 MV/m. In this study, this *t*~f~ value does not have any direct relation with the Maxwell--Wagner relaxation time scale (ca. 2.6 s for a silicone oil droplet/castor oil medium system) or the charge relaxation time scale (ca. 1.1 × 10^4^ s for a silicone oil droplet and ca. 2.0 s for castor oil).[c](#fn3){ref-type="fn"} Note that these time scales are computed with the physical properties of the liquids listed in [Table S1](http://pubs.acs.org/doi/suppl/10.1021/acsomega.7b01715/suppl_file/ao7b01715_si_001.pdf) of the Supporting Information. On the other hand, there is an inconsistency between this noted behavior and that observed in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}i,ii. Specifically, the maximum value of *a*/*b* at the first deformation decreases with an increase in *t*~c~ and the maximum values of *a*/*b* and \|θ\| are smaller than those at *t*~c~ = 2 s (see [Figures [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}iii and [3](#fig3){ref-type="fig"}). In addition, the magnitude of *a*/*b* does not return to unity between the first and second deformations when *t*~c~ ≥ 2.86 s, whereas it does when *t*~c~ ≤ 2 s. Period T shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}i,iii is a certain period after the droplet begins to deform and has the same length as *t*~c~/4 at *t*~c~ = 2 s, i.e., 0.5 s. The only difference in the experimental conditions between [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}i and iii is *t*~c~; therefore, the profiles of *a*/*b* and \|θ\| during period T should be similar between the two data sets; however, they are not. The same behavior is observed in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}i,ii as that in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}i. Thus, when *E*~a~ and *t*~c~ are large, the magnitude of *a*/*b* does not return to unity between the first and second deformations and the major axis of the droplet changes direction, whereas the magnitude of *a*/*b* is either maintained or gradually increases. In addition, \|θ\| becomes ca. 65° at the *a*/*b* peak of the second deformation (see [Figures [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"} and [4](#fig4){ref-type="fig"}i). Although there is no obvious explanation regarding this inconsistency, one possible reason concerns the development of the second deformation. The common behavior observed between [Figures [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}i,ii and [4](#fig4){ref-type="fig"}i and between [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}iii and iv is that during the second deformation, (*a*/*b*)~second,max~ is large and \|θ\| becomes ca. 65° for the former, whereas (*a*/*b*)~second,max~ is small and \|θ\| is ca. 0° for the latter (see [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}). That is, the degree of development of the second deformation observed in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}i,ii is considered to be higher than that observed in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}iii,iv. The behavior observed in [Figures [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}i,ii and [4](#fig4){ref-type="fig"}i is considered to be affected by the preceding deformations of the same droplet. Therefore, this inconsistency is considered to be caused by the application of the periodic electric field. From this consideration, electrorotation after sudden application of a dc electric field, i.e., electrorotation when the preceding second deformation does not affect the first deformation at the next cycle under the intermittent electric field, is considered to be developed by the following process. As shown in [Figures [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}iii,iv and [3](#fig3){ref-type="fig"}, at 1.33 s ≤ *t*~c~ ≤ 2 s, i.e., when the preceding second deformation does not affect the first deformation at the next cycle under the intermittent electric field, the droplet deforms to a prolate ellipsoid at the first deformation; the droplet then deforms to an oblate ellipsoid at the second deformation instead of developing electrorotation, and the maximum *a*/*b* of the second deformation, i.e., oblate deformation, increases with *t*~c~. Thus, it is supposed that if the preceding second deformation does not affect the first deformation at the next cycle, the droplet first undergoes spherical-to-prolate deformation and then oblate deformation via a spherical shape after sudden application of a dc field. These processes are similar to those observed by Lanauze et al.^[@ref24]^ In contrast, even though the preceding second deformation affects the first deformation at the next cycle, as shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}i,ii, electrorotation is induced at *E*~a~ = 1.4 MV/m. That is, after this successive deformation (i.e., from a spheroid to a prolate ellipsoid and then from a prolate ellipsoid to an oblate ellipsoid via a spheroid), it is expected that electrorotation begins to develop with increasing \|θ\|. The behavior in which electrorotation begins to develop after the droplet deforms into an oblate ellipsoid is similar to that observed by Ha and Yang.^[@ref9]^ In their study, the droplet initially underwent only spherical-to-oblate deformation after application of a dc electric field and then the symmetric axis of the oblate droplet began to tilt. In contrast, when an alternating electric field is applied, where *t*~c~ is longer than a certain magnitude (e.g., *t*~c~ ≥ 2.86 s in this study), the preceding second deformation affects the first deformation at the next cycle. That is, as shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}i,ii, the spherical droplet first undergoes ellipsoidal deformation with \|θ\| ca. 60° and then changes its major axis direction so that \|θ\| is decreased while maintaining or gradually increasing the magnitude of *a*/*b*. The magnitudes of \|θ\| and *a*/*b* subsequently begin to increase again with the development of electrorotation.

Behavior of a Silicone Oil Droplet in a Moderate Sinusoidal Alternating Electric Field {#sec2.2}
--------------------------------------------------------------------------------------

In this subsection, the development of electrorotation under a sinusoidal alternating electric field is reported. The waveform of the applied alternating electric field is shown at the top of [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}. Note that *E*~a~ shown in this subsection represents the amplitude of the applied sinusoidal alternating electric field.

![Trajectory and transient images of a silicone oil droplet in castor oil under an alternating sinusoidal electric field at *E*~a~ = 1.5 MV/m, *t*~c~ = 4 s, and *D*~0~ = 0.33 mm. *E*~a~ is the amplitude of the electric field strength. The waveform of the electric field is shown in the upper panel. Time *t* shown in each image corresponds to the abscissa in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}i. Open circles a--l on the trajectory line correspond to images a--l in the figure and open circles a--l in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}i. Images have been changed to grayscale and enhanced by a computer program. The peripheries around the images of droplets have been trimmed away.](ao-2017-01715a_0003){#fig5}

[Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"} shows the trajectory and corresponding images of a silicone oil droplet subjected to an electric field of *E*~a~ = 1.5 MV/m with *t*~c~ = 4 s. [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"} shows the time evolution of droplet aspect ratio *a*/*b* and orientation θ. Open circles a--l along the trajectory presented in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"} correspond to open circles a--l in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}i, which shows θ and *a*/*b* versus time for *E*~a~ = 1.5 MV/m and *t*~c~ = 4 s. The behavior is also presented as Supporting Information [Movie S3](http://pubs.acs.org/doi/suppl/10.1021/acsomega.7b01715/suppl_file/ao7b01715_si_004.avi).

![Transient behavior of a droplet under an alternating sinusoidal electric field at *E*~a~ = 1.5 MV/m and *t*~c~ = (i) 4, (ii) 2, (iii) 1.33, (iv) 1, and (v) 0.4 s. Open circles a--l in (i) correspond to images a--l in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}. Label F in (ii)--(v) indicates the first deformation of a droplet, whereas label S in (ii)--(iv) indicates the second deformation. The time origin was arbitrarily chosen as 10 s or more after application of the electric field.](ao-2017-01715a_0004){#fig6}

The behavior of the silicone oil droplet shown in [Figures [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"} and [6](#fig6){ref-type="fig"}i is similar to that shown in [Figures [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"} and [2](#fig2){ref-type="fig"}i, in which the behavior of a silicone oil droplet under an intermittent electric field with *E*~a~ = 1.4 MV/m and *t*~c~ = 4 s is shown, except for the first rapid change of θ and the sharp decrease of *a*/*b* after the peak of the second deformation. [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}i shows that \|θ\| gradually increases from a to b and from g to h and then exhibits a clear maximum at points b and h, respectively. No corresponding peaks for *a*/*b* are observed at points b and h under the sinusoidal field. Although rapid deformation of the droplet was observed under the intermittent electric field (see from a to b and from h to i in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}i and Supporting Information [Movie S1](http://pubs.acs.org/doi/suppl/10.1021/acsomega.7b01715/suppl_file/ao7b01715_si_002.avi)), such rapid deformation of a droplet was not observed under the sinusoidal field (see from a to b and from g to h in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}i). It is possible that the droplet gradually rotates while maintaining a magnitude of *a*/*b* from a to b and from g to h in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}i; however, the behavior of the droplet is considered to be deformation, which is induced by the same mechanism as that shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}i. This difference between the behavior observed from a to b and from h to i in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}i and that from a to b and from g to h in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}i is considered to be related to the rate of increase in the electric field strength with time. That is, an electric field with strength *E*~a~ is suddenly applied to the droplet under the intermittent electric field, whereas the strength of the electric field gradually increases under the sinusoidal field. The magnitudes of the first peaks of \|θ\| and *a*/*b* that correspond to the first peak of \|θ\| are 43.8 ± 5.2° and 1.03 ± 0.01, respectively (computed from four different droplets). Aspect ratio *a*/*b* gradually increases from b to c and from h to i in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}i with a corresponding decrease in \|θ\|. *a*/*b* and \|θ\| later increase from c to d and from i to j in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}i. At d and j in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}i, *a*/*b* and \|θ\| are 1.20 ± 0.02 and 70.3 ± 5.6°, respectively, and *a*/*b* gradually decreases from d to e and from j to k in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}i with an increase in \|θ\|, i.e., the instant at which *a*/*b* reaches a peak does not coincide with the instant at which \|θ\| reaches a peak. *a*/*b* and \|θ\| then gradually decrease from e to f and from k to l in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}i, although *a*/*b* and \|θ\| rapidly decrease under the intermittent field (see from f to g and from l to n in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}i). The orientations of the droplet are largely tilted from the direction at which θ = 0°, so that the droplet undergoes electrorotation at d and j. The deformation at d and j corresponds to the second deformation noted in the previous subsection, whereas the deformations at b and h correspond to the first deformation noted in the previous subsection. Although the direction of the applied electric field is not known in this study, the direction of lateral migration (sinusoidal trajectory) and the behavior (*a*/*b* and θ) of the droplet alternate with a period that equals that of the electric field, as shown in [Figures [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"} and [6](#fig6){ref-type="fig"}i. Krause and Chandratreya^[@ref11]^ reported that some but not all droplets changed their rotational direction with the direction of the applied ac electric field. In contrast, the alternating behavior was always observed in this study. There is no clear reason for this difference, but it is important to note that the droplets were more densely formed and analyzed simultaneously in their study, whereas the droplets in the present study were presumed to be quasi-isolated. It is possible that interactions between droplets were induced in the study of Krause and Chandratreya,^[@ref11]^ and these affected the rotation. As noted here and in the next paragraph, well-developed electrorotation is observed at *t*~c~ = 4 s ([Figures [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}i and [7](#fig7){ref-type="fig"}, which show (*a*/*b*)~first,max~, (*a*/*b*)~second,max~, \|θ\|~first,max~, and \|θ\|~second,max~ vs *t*~c~ at *E*~a~ = 1.5 MV/m), and the initial development of electrorotation is observed at *t*~c~ = 2 s ([Figures [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}ii and [7](#fig7){ref-type="fig"}). On the other hand, electrorotation is not observed at *t*~c~ ≤ 1.33 s ([Figures [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}iii--v and [7](#fig7){ref-type="fig"}). Turcu^[@ref25]^ theoretically studied electrorotation of a rigid sphere under an ac field. From this theory, a rigid sphere with the same electrical properties as those of silicone oil in a surrounding medium with the same electrical and hydrodynamic properties as those of castor oil will undergo electrorotation under an ac field at *t*~c~ ≥ 3.3 s. Note that the electrical and hydrodynamic properties of the liquids used are listed in [Table S1](http://pubs.acs.org/doi/suppl/10.1021/acsomega.7b01715/suppl_file/ao7b01715_si_001.pdf) of the Supporting Information. The results for *t*~c~ obtained in the present study are in reasonably good agreement with those obtained by Turcu's theory.

![(*a*/*b*)~first,max~, (*a*/*b*)~second,max,~ \|θ\|~first,max~, and \|θ\|~second,max~ as a function of *t*~c~ under an alternating sinusoidal electric field at *E*~a~ = 1.5 MV/m. The open circles denote (*a*/*b*)~first,max~ and \|θ\|~first,max~, whereas the closed circles denote (*a*/*b*)~second,max~ and \|θ\|~second,max~. The open squares denote (*a*/*b*)~first,max~ and \|θ\|~first,max~ for a droplet without the second deformation. The error bars for each data point indicate two standard deviations. If the range of the error bar is smaller than the size of the plots, then the error bar is not shown. The solid lines indicate *a*/*b* under no electric field, and the shaded bands show the range of two standard deviations.](ao-2017-01715a_0005){#fig7}

In [Figures [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}ii--iv, which shows θ and *a*/*b* versus time for *t*~c~ = 2, 1.33, and 1 s, respectively, two clear peaks are observed for *a*/*b* within a span of *t*~c~/2. For *t*~c~ = 1.33 and 1 s, at one of the two peaks of *a*/*b*, \|θ\| becomes ca. 90°, and at the other peak, \|θ\| becomes ca. 0°, whereas for *t*~c~ = 2 s, at one of the two peaks of *a*/*b*, \|θ\| becomes ca. 90°, and at the other peak, \|θ\| becomes ca. 17° ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}). In addition, *a*/*b* does not become unity between the two peaks at *t*~c~ = 2 s ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}ii). The deformation with the former peak (labeled F) is considered to be the first deformation noted in the previous subsection because at the *a*/*b* peak (labeled F), \|θ\| becomes ca. 90°; therefore, the deformation with the latter peak (labeled S) is considered to be the second deformation noted in the previous subsection. As shown in [Figures [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}ii and [7](#fig7){ref-type="fig"}, it is concluded that a droplet begins to develop electrorotation at *t*~c~ = 2 s because the droplet does not return to a spheroidal shape between the first and second deformations ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}ii) and \|θ\| is larger than ca. 0° for the second deformation ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}). [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}iii,iv shows that a droplet deforms between an oblate ellipsoid and a prolate ellipsoid at 1 s ≤ *t*~c~ ≤ 1.33 s. As shown in [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}, (*a*/*b*)~first,max~ and \|θ\|~first,max~ increase with a decrease in *t*~c~ at *t*~c~ ≥ 1.33 s, whereas (*a*/*b*)~first,max~ and \|θ\|~first,max~ decrease with *t*~c~ at *t*~c~ \< 1.33 s. In addition, (*a*/*b*)~second,max~ and \|θ\|~second,max~ decrease with *t*~c~ at *t*~c~ ≥ 1 s. The first peak of \|θ\| is not accompanied by an *a*/*b* peak when the second deformation of the droplet is well developed ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}i), whereas two successive *a*/*b* peaks are observed when the second deformation is not developed well. It is also considered that under a sinusoidal alternating electric field with long *t*~c~, the behavior of a droplet is affected by the preceding behavior of the same droplet.

In [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}v, which shows θ and *a*/*b* versus time for *t*~c~ = 0.4 s, and [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}, peaks of *a*/*b* are observed at which θ reaches ca. 90°. The deformation associated with these peaks is considered to be the first deformation noted in the previous subsection. Thus, when the period of the applied sinusoidal alternating electric field is short, the droplet deforms between a prolate ellipsoid and a spheroid. At *t*~c~ \< 0.4 s, the minimum \|θ\| approaches 90° with a decrease in *t*~c~ and the maximum *a*/*b* decreases with *t*~c~ (see [Figure S4](http://pubs.acs.org/doi/suppl/10.1021/acsomega.7b01715/suppl_file/ao7b01715_si_001.pdf) in the Supporting Information). Thus, a droplet remains spherical or undergoes deformation to a quasi-steady prolate ellipsoid with *a*/*b* close to unity. The reason for this may be that the deformation cannot mechanically follow changes of electric field strength and its direction.

Lanauze et al.^[@ref24]^ observed and predicted that a droplet that deforms to an oblate ellipsoid over the course of time first deforms to a prolate ellipsoid from a spheroid, then to a spheroid from a prolate ellipsoid, and then to an oblate ellipsoid from a spheroid after sudden application of a weak dc electric field. It is considered that if application of a dc field is suddenly stopped before such droplet deformation to an oblate ellipsoid from a spheroid, then the droplet will show deformation only between a prolate ellipsoid and a spheroid. In contrast, if application of a dc field is stopped after droplet deformation to an oblate ellipsoid from a prolate ellipsoid via a spheroid, then the droplet will show deformation from a spheroid to a prolate ellipsoid and then from a prolate ellipsoid to an oblate ellipsoid via a spheroid. Thus, if a periodic intermittent electric field is applied to the droplet, then periodic deformation between a prolate ellipsoid and a spheroid or between a prolate ellipsoid and an oblate ellipsoid may be observed, depending on its period. If so, it is expected that the droplet would deform only between a prolate ellipsoid and a spheroid under a weak ac field with a short period, whereas it is expected that the droplet would deform between a prolate ellipsoid and an oblate ellipsoid under a weak ac field with a long period. In this case, when the transient deformation of the droplet cannot mechanically follow the variation of the applied ac field strength with time, deformation of the droplet is expected to converge to a prolate ellipsoid. [Figures [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}iii--v and [S4](http://pubs.acs.org/doi/suppl/10.1021/acsomega.7b01715/suppl_file/ao7b01715_si_001.pdf) in the Supporting Information show the droplet behavior deduced from the study by Lanauze et al.^[@ref24]^

[Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"} shows the droplet behavior for *E*~a~ = (i) 1.2, (ii) 1.1, (iii) 0.97, and (iv) 0.74 MV/m with *t*~c~ = 4 s. Two peaks for \|θ\| and a single peak for *a*/*b* were observed for *E*~a~ = 1.1 and 1.2 MV/m, whereas single peaks of *a*/*b* and \|θ\| were observed for *E*~a~ = 0.97 and 0.74 MV/m. Comparing [Figures [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"} with [4](#fig4){ref-type="fig"} reveals the first peak of *a*/*b* at *E*~a~ ≥ 0.70 MV/m in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}, whereas there is no apparent first peak of *a*/*b* in [Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}. It is reasonable to infer that the difference of the first peaks between those shown in [Figures [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"} and [8](#fig8){ref-type="fig"} is caused by the difference in the waveforms, i.e., square and sinusoidal waveforms of the applied electric field. When an ac field with large *t*~c~ is applied, the first deformation of the droplet becomes too small to detect because the electric field strength applied at an instant at which a droplet may display the first deformation is weak.

![Transient behavior of a droplet under an alternating sinusoidal electric field *t*~c~ = 4 s at *E*~a~ = (i) 1.2, (ii) 1.1, (iii) 0.97, and (iv) 0.74 MV/m. Label F indicates the first deformation of a droplet, whereas label S indicates the second deformation. The time origin was arbitrarily chosen as 10 s or more after application of the electric field.](ao-2017-01715a_0008){#fig8}

Oblate Deformation of a Silicone Oil Droplet in a Weak Sinusoidal Alternating Electric Field {#sec2.3}
--------------------------------------------------------------------------------------------

In this subsection, the prolate-spherical deformation of a droplet, which is deduced from the study by Lanauze et al.^[@ref24]^ (noted in the preceding subsection), is observed under a weak ac field. In the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsomega.7b01715/suppl_file/ao7b01715_si_001.pdf), the experimentally obtained development of oblate deformation under a sinusoidal electric field is compared with that predicted by the theory presented by Torza et al.^[@ref7]^ The waveform of the applied electric field is the same as that shown at the top of [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}.

[Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"} shows the time evolution of droplet aspect ratio *a*/*b* and orientation θ at *E*~a~ = 0.44 MV/m and 0.4 s ≤ *t*~c~ ≤ 10 s. θ is kept at ca. 0°; therefore, droplets in [Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}i--v show periodic deformation between an oblate shape and a quasi-spherical shape. The peak magnitude of *a*/*b* increases with *t*~c~. Only a single peak is observed for *a*/*b* at *E*~a~ = 0.44 MV/m and 1 s ≤ *t*~c~ ≤ 10 s, whereas two peaks are observed for *a*/*b* at *E*~a~ = 1.5 MV/m and 1 s ≤ *t*~c~ ≤ 2 s, as shown in [Figures [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}ii--iv, [7](#fig7){ref-type="fig"}, and [9](#fig9){ref-type="fig"}. θ is ca. 0° at the peak of *a*/*b*; therefore, the deformations shown in [Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}i--v correspond to the second deformation noted in the previous subsections. *a*/*b* at the first deformation is assumed to be too small to detect in this study. *a*/*b* and θ are measured until *t*~c~ = 0.05 s (frequency = 20 Hz, which was the lowest frequency applied by Vizika and Saville^[@ref8]^). The profiles of *a*/*b* and θ against time at 0.05 s ≤ *t*~c~ ≤ 0.2 s (see [Figure S5](http://pubs.acs.org/doi/suppl/10.1021/acsomega.7b01715/suppl_file/ao7b01715_si_001.pdf) in the Supporting Information) are similar to those at *t*~c~ = 0.4 s ([Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}vi), i.e., *a*/*b* and θ converge to certain values that are almost equal to those under no electric field. With the results noted in this subsection, it is not clear whether a droplet that undergoes oblate deformation under a weak dc field over the course of time undergoes prolate-spherical deformation under an ac field or undergoes quasi-steady oblate deformation with a converged *a*/*b* value under an ac field.

![Transient behavior of a droplet under an alternating sinusoidal electric field at *E*~a~ = 0.44 MV/m and *t*~c~ = (i) 10, (ii) 4, (iii) 2, (iv) 1.3, (v) 1, and (vi) 0.4 s. The time origin was arbitrarily chosen as 10 s or more after application of the electric field.](ao-2017-01715a_0006){#fig9}

Here, we discuss the critical electric field strength over which electrorotation develops. Jones^[@ref26]^ noted a critical dc electric field strength above which electrorotation of a rigid sphere develops. From this theory, a rigid sphere with the same electrical properties as those of silicone oil in a surrounding medium with the same electrical and hydrodynamic properties as those of castor oil will undergo electrorotation under a dc electric field strength of ca. 0.2 MV/m. On the other hand, in this study, electrorotation is not observed under a sinusoidal electric field for *E*~a~ = 0.44 MV/m and *t*~c~ ≤ 10 s. Note that for *E*~a~ = 0.44 MV/m, the effective value of the electric field strength is ca. 0.31 MV/m. As shown in [Figures [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"} and [8](#fig8){ref-type="fig"}, electrorotation is observed under a sinusoidal electric field for *E*~a~ = 1.5 MV/m (the effective value is ca. 1.1 MV/m) and *t*~c~ ≥ 2 s and at *E*~a~ ≥ 1.1 MV/m (the effective value is ca. 0.78 MV/m) and *t*~c~ = 4 s. Therefore, the critical dc electric field strength for the development of electrorotation of a rigid sphere estimated by the theory is lower than that experimentally observed under an ac field.

Deformation of a castor oil droplet in silicone oil medium under an ac field (*E*~a~ = 0.44 MV/m) is shown in [Figure S6](http://pubs.acs.org/doi/suppl/10.1021/acsomega.7b01715/suppl_file/ao7b01715_si_001.pdf) of the Supporting Information. A castor oil droplet in silicone oil undergoes prolate deformation over the course of time under a weak dc field and hence the droplet undergoes periodic prolate-spherical deformation in an ac field when the variation of deformation with time can follow the variation of the field strength with time. [Figures [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"} and [S6](http://pubs.acs.org/doi/suppl/10.1021/acsomega.7b01715/suppl_file/ao7b01715_si_001.pdf) in the Supporting Information show that oblate deformation and prolate deformation at *E*~a~ = 0.44 MV/m do not fully develop at *t*~c~ ≤ 10 s. It is considered that electrical deformation in the silicone-oil/castor-oil system requires a long time (at least *t*~c~ \> 10 s) to fully develop at *E*~a~ = 0.44 MV/m. This means that charge convection in the silicone-oil/castor-oil system requires a long time to develop well. A comparison of the experimentally obtained variation of deformation for a silicone oil droplet in castor oil with time at *E*~a~ = 0.44 MV/m and *t*~c~ = 10 s and that obtained with the prediction scheme presented by Torza et al.^[@ref7]^ is shown in [Figure S7](http://pubs.acs.org/doi/suppl/10.1021/acsomega.7b01715/suppl_file/ao7b01715_si_001.pdf) of the Supporting Information. The prediction underestimates the experimental results, which is the same tendency as that observed for the deformation of a droplet of aqueous solution in oil under a weak ac field.^[@ref4]^

Conclusions {#sec3}
===========

In this study, the development of electrorotation in a circular channel subjected to an intermittent alternating electric field and that subjected to a sinusoidal alternating electric field was studied. Although the behavior is observed in a channel, the effects of the wall and flow rate on the results are negligibly small under the experimental conditions used in this study (see the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsomega.7b01715/suppl_file/ao7b01715_si_001.pdf)).

Although we cannot identify the deformation of a droplet between a prolate ellipsoid and a spheroid or between a prolate ellipsoid and a oblate ellipsoid, as deduced from the study by Lanauze et al.,^[@ref24]^ such deformation under a weak ac electric field (*E*~a~ = 0.44 MV/m in this study) is observed under a moderate ac electric field with a certain *t*~c~. The development of electrorotation under an ac field is observed only when *t*~c~ is long. Under an ac field with long *t*~c~, \|θ\| gradually increases to its first peak without a corresponding *a*/*b* peak and then *a*/*b* gradually increases with a corresponding decrease in \|θ\|. *a*/*b* then later increases to its apparent peak with an increase in \|θ\|.

It is considered that the first deformation indicated in this study is affected by the preceding second deformation when *t*~c~ is long. There is no clear reason for this; however, one possible reason could be related to the charge profile around the droplet that is developed during the development of the second deformation. Is it possible that the charge profile around a droplet that is developed until electrorotation becomes highly developed can return to the charge profile when no electric field was applied, i.e., the initial charge profile, during changes of the ac field strength from its peak value to around zero? To confirm this, further theoretical work is required.

Experimental Section {#sec4}
====================

The experimental setup used ([Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acsomega.7b01715/suppl_file/ao7b01715_si_001.pdf) in the Supporting Information) is almost the same as that in a previous study.^[@ref21]^ The setup is briefly described here and in more detail in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsomega.7b01715/suppl_file/ao7b01715_si_001.pdf). Silicone oil (KF96-300cS; Shin-Etu Chemical Co. Ltd., Tokyo, Japan) droplets are successively dropped in castor oil (extra pure grade; Kanto Chemical Co., Tokyo, Japan), which flows down a cylindrical glass tube at a superficial velocity of ca. 0.11 mm/s. The tube, of which the longitudinal axis is parallel to the direction of gravity, is placed between a pair of parallel-plate electrodes (length: 94 mm in the direction parallel to the tube longitudinal axis, distance between electrodes: 2.1 mm), one of which is always grounded and the other of which is connected to a high-voltage power supply. The spacing between the electrodes is filled with the same castor oil that flows through the tube. Observations were made at room temperature approximately 47 mm below the top of the electrodes using a high-speed video camera with the optical axis set to be normal to the electric field direction and to the tube axis.

The Supporting Information is available free of charge on the [ACS Publications website](http://pubs.acs.org) at DOI: [10.1021/acsomega.7b01715](http://pubs.acs.org/doi/abs/10.1021/acsomega.7b01715).Experimental setup, physical properties of liquids used, effect of the inner channel wall on behavior of droplet passing through the channel, time evolution of silicone oil droplet aspect ratio *a*/*b* and orientation θ under sinusoidal alternating electric field at *E*~a~ = 1.5 MV/m and 0.05 s ≤ *t*~c~ ≤ 0.2 s, time evolution of silicone oil droplet aspect ratio *a*/*b* and orientation θ under sinusoidal alternating electric field at *E*~a~ = 0.44 MV/m and 0.05 s ≤ *t*~c~ ≤ 0.2 s, prolate deformation of castor oil droplet in silicone oil medium under sinusoidal alternating electric field, comparison of experimentally obtained time-dependent variation of oblate deformation of silicone oil droplet in castor oil under ac field and prediction by Torza et al.^[@ref7]^ ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acsomega.7b01715/suppl_file/ao7b01715_si_001.pdf))Behavior of a silicone oil droplet in castor oil medium under an intermittent alternating electric field at *E*~a~ = 1.4 MV/m and *t*~c~ = 4 s (Movie S1); behavior of particles settled at the droplet/castor oil interface under an intermittent alternating electric field at *E*~a~ = 1.4 MV/m and *t*~c~ = 4 s (Movie S2); and behavior of a silicone oil droplet in castor oil medium under a sinusoidal alternating electric field at *E*~a~ = 1.5 MV/m and *t*~c~ = 4 s (Movie S3) ([AVI](http://pubs.acs.org/doi/suppl/10.1021/acsomega.7b01715/suppl_file/ao7b01715_si_002.avi))([AVI](http://pubs.acs.org/doi/suppl/10.1021/acsomega.7b01715/suppl_file/ao7b01715_si_003.avi))([AVI](http://pubs.acs.org/doi/suppl/10.1021/acsomega.7b01715/suppl_file/ao7b01715_si_004.avi))
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The relative permittivity of castor oil and the resistivities of silicone oil and castor oil listed in [Table S1](http://pubs.acs.org/doi/suppl/10.1021/acsomega.7b01715/suppl_file/ao7b01715_si_001.pdf) of the Supporting Information were measured by Hitachi Chemical Techno Service Co. Ltd., Ibaraki, Japan, at the author's request. Interfacial tension between castor oil and silicone oil listed in [Table S1](http://pubs.acs.org/doi/suppl/10.1021/acsomega.7b01715/suppl_file/ao7b01715_si_001.pdf) of the Supporting Information was measured by Kyowa Interface Science Co. Ltd., Saitama, Japan, at the author's request.

When the strength of electrostatic and/or electrohydrodynamic forces that act on the interface between a droplet and a surrounding liquid becomes larger than the strength of capillary forces that act on the interface, the droplet will burst under an electric field (dc field and ac field). Here, the term "strong" is used for an electric field under which droplet burst is induced, whereas the term "weak" is used for an electric field under which a droplet maintains steady ellipsoidal deformation with the symmetric axis parallel to the applied electric field. When an electric field intermediate between weak and strong is applied to a droplet, then, depending on the physical properties of the droplet liquid and the surrounding liquid, some droplet/surrounding liquid systems show steady ellipsoidal deformation of a droplet with the major axis oriented in the direction between the electric field direction and the direction normal to the electric field. Here, such a field strength is termed "moderate."

In this study, when θ is not near 0 or ±90°, the shape of the droplet whose *a*/*b* is larger than unity is called ellipsoidal.

As shown in Figures 2 and 3, electrorotation develops at *t*~c~/4 ≥ 0.72 s, i.e., *t*~c~ ≥ 2.86 s, when *E*~a~ = 1.4 MV/m. In this study, no direct relation was found between the Maxwell--Wagner relaxation time scale or the charge relaxation time scale with the development of electrorotation under an intermittent electric field.
